The serious air pollution problem has aroused widespread public concerns in China. Nanjing city, as one of the famous cities of China, is faced with the same situation. This research aims to investigate spatial and temporal distribution characteristics of fine particulate matter (PM 2.5 ) and the influence of weather factors on PM 2.5 in Nanjing using Spearman-Rank analysis and the Complete Ensemble Empirical Mode Decomposition with Adaptive Noise (CEEMDAN) method. Hourly PM 2.5 observation data and daily meteorological data were collected from 1 April 2013 to 31 December 2015. The spatial distribution result shows that the Maigaoqiao site suffered the most serious pollution. Daily PM 2.5 concentrations in Nanjing varied from 7.3 µg/m 3 to 336.4 µg/m 3 . The highest concentration was found in winter and the lowest in summer. The diurnal variation of PM 2.5 increased greatly from 6 to 10 a.m. and after 6 p.m., while the concentration exhibited few variations in summer. In addition, the concentration was slightly higher on weekends compared to weekdays. PM 2.5 was found to exhibit a reversed relation with wind speed, relative humidity, and precipitation. Although temperature had a positive association with PM 2.5 in most months, a negative correlation was observed during the whole period. Additionally, a high concentration was mainly brought with the wind with a southwest direction and several relevant factors are discussed to explain the difference of the impacts of diverse wind directions.
Introduction
In recent years, the air pollution problem brought by rapid economic and unprecedented urbanization construction in China has aroused widespread public concerns, especially the fine particulate matter (PM 2.5 ) pollution, owing to the potential threats to health [1] [2] [3] . High PM 2.5 concentration played an important role in the emergence of haze [4] , which may account for the occurrence of extreme haze events in China in recent years [5, 6] . Since aerodynamic diameter is less than 2.5 µm, PM 2.5 can stay in the air for a long time and attach to harmful substances. Hence, long time exposure to PM 2.5 concentration can lead to a significant impact on human health or even mortality [7] [8] [9] [10] [11] .
Recently, a large number of studies paid attention to air suspended particulate matter (PM), especially PM 2.5 , including emission sources, physical characteristics, and chemical decomposition [12] [13] [14] [15] [16] . A better and clearer understanding of spatial and temporal variations of PM 2.5 can contribute to the adoption of effective measures to reduce air pollution. Most research on the spatial and temporal distribution of PM 2.5 were obtained from a remote sensing map in China [17, 18] . However, real-time monitoring data is essential to better obtain the detailed variations (seasonal, monthly, and diurnal) on the city scale. For example, Zhang et al. investigated the spatial-temporal PM 2.5 distribution characters of 190 cities in China [19] ; Wang et al. analyzed the spatial and temporal variations of air pollutants at the 31 provincial capital cities of China [20] . Several studies have confirmed that meteorological variables play an important role in the formation of PM 2.5 as well as other factors like population and emissions etc. For instance, Zhang et al. explored spatiotemporal patterns of PM 2.5 and the determinants in 190 Chinese cities [21] . Yan et al. and Huang et al. also observed spatial and temporal variations of air pollutants including PM 2.5 and the relationship with meteorological factors [22, 23] .
The Yangtze River Delta (YRD), one of the most developed and fastest urbanized areas in China, has been facing a serious air pollution problem for the past ten years [24, 25] . Air quality condition is also not optimistic in Nanjing city that is located in the western region of YRD. Deng et al. found that the annual average visibility in Nanjing was just 8.8 km and a daily average value of less than 10 km occurred on 57.9% of the days in 2004 [26] . According to the statistics of the meteorological department in Nanjing, the occurrence of haze days was 242 days in 2013, reaching the highest value in historical meteorological records [27] . In addition, rare rose red smog and haze phenomenon in the winter of 2015 attracted national attention for PM 2.5 pollution [28] . In Nanjing, many studies involving PM 2.5 mainly focused on heavy metals and chemical decomposition [29] [30] [31] . However, there were very limited studies that paid attention to the spatial-temporal distributions of PM 2.5 and its relation to meteorological conditions in the city. Shen et al. reported that the 24 h average PM 2.5 varied from 33 µg/m 3 to 234 µg/m 3 at a residential site in 2012 [32] . The purpose of this paper is to comprehensively explore the spatial-temporal variations of PM 2.5 and relationships between PM 2.5 and meteorological factors in Nanjing, using Spearman-Rank analysis and a new time-series data decomposition method: Complete Ensemble Empirical Mode Decomposition with Adaptive Noise (CEEMDAN).
Materials and Methods

Site Description and Data
Nanjing, the capital city of Jiangsu Province, is one of the ancient cities in China and has a rich historical and cultural heritage. As an intense industrialized and urbanized city with a forest coverage rate of over 35%, Nanjing is still facing a serious environmental pollution problem. There are nine monitoring sites defined by the China Environmental Monitoring Center (CEMC). All the monitoring sites are located in the urban area of Nanjing (Figure 1) . Therefore, the research was carried out in the urban area. The hourly monitoring data of PM 2.5 used in the study were collected from the CEMC [33] from 1 April 2013 to 31 December 2015. In addition, the daily meteorological data were obtained from the China Meteorological Data Network [34] during the same period, including wind speed, temperature, relative humidity, precipitation, and wind direction. Map depicting the location of Nanjing in China (red star), air quality stations (red circles) and the distribution of main roads, urban areas, and rural areas. The corresponding PM2.5 monitoring sites are: Pukou, Caochangmen, Shanxilu, Xuanwuhu, Maigaoqiao, Xianlindaxuecheng, Aotizhongxin, Zhonghuamen, and Ruijinlu (from left to right: six above and three below).
Methods
Analysis of Spatial and Temporal Variations
ArcGIS [35] and cluster analysis [36] were usually carried out to explore the spatial variation of PM concentration. ArcGIS is simpler and more intuitive while the cluster analysis method requires repeatedly looking for the optimal cluster numbers. In this paper, ArcGIS was adopted to exhibit the region distribution of PM2.5 mass concentration in Nanjing. Mean concentration of each site of the studied period (1 April 2013 to 31 December 2015) was calculated, and ArcGIS 10.2 software (Esri, Redlands, California, USA) was utilized to explore the distribution of PM2.5 in the urban area of Nanjing. Moreover, data processing was performed to obtain seasonal, monthly, and daily variations of PM2.5 concentrations. In addition, a valid check on hourly data was conducted to get rid of the problematic data points before data processing tasks, and all data processing tasks above were conducted with Python.
CEEMDAN Decomposition
Complete Ensemble Empirical Mode Decomposition (CEEMDAN) is a new powerful decomposition and analysis method for time series data by Torres et al. [37] . It is able to better decompose the input signal into a collection of intrinsic mode functions (IMFs) without prior knowledge. Each decomposition component includes specific timescale information, where the residual IMF represents the trend of the signal data. Furthermore, CEEMDAN method was improved Figure 1 . Map depicting the location of Nanjing in China (red star), air quality stations (red circles) and the distribution of main roads, urban areas, and rural areas. The corresponding PM 2.5 monitoring sites are: Pukou, Caochangmen, Shanxilu, Xuanwuhu, Maigaoqiao, Xianlindaxuecheng, Aotizhongxin, Zhonghuamen, and Ruijinlu (from left to right: six above and three below).
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CEEMDAN Decomposition
Complete Ensemble Empirical Mode Decomposition (CEEMDAN) is a new powerful decomposition and analysis method for time series data by Torres et al. [37] . It is able to better decompose the input signal into a collection of intrinsic mode functions (IMFs) without prior knowledge. Each decomposition component includes specific timescale information, where the residual IMF represents the trend of the signal data. Furthermore, CEEMDAN method was improved by Ensemble Empirical Mode Decomposition (EEMD) [38] that solved the mode mixing problem of Empirical Mode Decomposition (EMD) [39] and can better decompose different IMFs in frequency scale with the best completeness and robustness. Although CEEMD is similar to Fourier analysis and wavelet decomposition, it could be used more simply and easily. This is because Fourier analysis requires sine and cosine function selection and wavelet analysis requires a wavelet basis.
According to EMD [39] , each IMF should meet two conditions: (1) the difference of the number of zero-crossings related with the number of extrema must be no more than one; and (2) the average value of the envelopes computed by the local maxima and the local minima respectively is zero. The CEEMDAN method was carried out using the libeemd package [40] , and the IMFs and residue of the daily PM 2.5 concentration was calculated by performing the following steps: a
Initialize signal x(t) + ε 0 w i (t), and decompose it by EMD to obtain their IMF 1 , where x(t) is the daily PM 2.5 mass concentration series and w(t) is the appended white noise. b
Compute first residue in the first cycle:
Decompose i-th r 1 (t) + ε 1 E 1 (w i (t)), until their IMF 1 of EMD and define IMF 2 , where E j (.) produce the j-th mode obtained by EMD for the given signal. d
Calculate k-th residue by r k (t) = r (k−1) (t) -IMF k (t). e Decompose i-th r k (t) + ε k E k (w i (t)) until their IMF 1 of EMD and define (k + 1)-th IMF. f Repeat step d for the next k until the residue R(t) has no more than two extrema.
Therefore, PM 2.5 concentration signal x(t) can be represented as:
Relationship between PM 2.5 and Meteorological Factors
Daily average PM 2.5 data and daily mean meteorological data during the whole studied period were used in this section. Firstly, hourly PM 2.5 monitoring data was processed to obtain daily mean data. Secondly, considering the climate characteristics of Nanjing city, twelve months were divided into: spring (March to May), summer (June to August), autumn (September to November), and winter (December to February). Thirdly, Spearman-Rank correlation analysis was utilized to study the correlations between PM 2.5 concentration and meteorological variables (wind speed, temperature, relative humidity, precipitation, and wind direction). The analysis was conducted in each of four seasons and different months respectively. In order to fully understand the effect of wind direction with PM 2.5 concentration, Box-Whiskers plot was depicted to explore the relationship between the concentration and wind direction. Additionally, data filtering work was also necessary for precipitation with at least 1 mm and Spearman-Rank analysis and Box-Whiskers plot were carried out in Python with the Pandas package. Table 1 shows the summary of daily mean PM 2.5 concentrations for nine sites in Nanjing. The daily average concentrations in Nanjing varied from 7.3 µg/m 3 to 336.4 µg/m 3 , with a broader distribution. The lowest concentration was found in the Xuanwuhu site while the highest value was observed in the Aotizhongxin site. The results show that each site's median was much lower than mean, which means right-skewed distribution of PM 2.5 . According to the World Health Organization's (WHO) recommended air quality guideline (AQG), 24 h average PM 2.5 concentration should be less than 25 µg/m 3 , which is slightly lower than the grade-1 level (35 µg/m 3 ) of China's national ambient air quality standards [10, 41] . Due to the relatively relaxed standard, interim targets (ITs) were simultaneously recommended for the developing countries, including IT-1 (75 µg/m 3 ), IT-2 (50 µg/m 3 ) and IT-3 (37.5 µg/m 3 ) [42] . The percentage of daily average PM 2.5 concentrations in Nanjing reaching the four recommended targets was 68.6%, 41.7%, 24.3% and 9.3%, respectively.
Results and Discussion
PM 2.5 Data Overview
The differences of the percentage reaching the standard for each site were not obvious except for the AQG. Xianlindaxuecheng site had highest percentage matching four targets, followed by Xuanwuhu site. Moreover, the percentages for three ITs at the Maigaoqiao site were the lowest, indicating the most serious PM 2.5 pollution. Figure 2 shows the spatial distribution of the average PM 2.5 concentrations for each monitoring site of Nanjing in the past three years. The map shows that PM 2.5 pollution was most serious at Maigaoqiao, followed by Aotizhongxin and Ruijinlu. The finest air quality was observed at Xuanwuhu and Xianlindaxuecheng. In order to exhaustively explain the spatial distribution of PM 2.5 , the typical characteristics of the nine monitoring sites in Nanjing were collected in Table 2 . According to the information shown in Table 2 , Maigaoqiao had the worst environment, and the main sources of pollution found at the Aotizhongxin site came from urban construction activities while Ruuijinlu station is located in a dense residential area; on the contrary, Xuanwuhu and Xianlindaxuecheng sites owe their superior environment to the lack of big emissions of particulate pollutants. Through the above analysis, spatial distribution was closely related to geographical location. Meanwhile, due to the systematic information of particulate matter pollution, the impact of terrain, vegetation cover, and weather conditions cannot be ignored in the process. differences of the percentage reaching the standard for each site were not obvious except for the AQG. Xianlindaxuecheng site had highest percentage matching four targets, followed by Xuanwuhu site. Moreover, the percentages for three ITs at the Maigaoqiao site were the lowest, indicating the most serious PM2.5 pollution. Figure 2 shows the spatial distribution of the average PM2.5 concentrations for each monitoring site of Nanjing in the past three years. The map shows that PM2.5 pollution was most serious at Maigaoqiao, followed by Aotizhongxin and Ruijinlu. The finest air quality was observed at Xuanwuhu and Xianlindaxuecheng. In order to exhaustively explain the spatial distribution of PM2.5, the typical characteristics of the nine monitoring sites in Nanjing were collected in Table 2 . According to the information shown in Table 2 , Maigaoqiao had the worst environment, and the main sources of pollution found at the Aotizhongxin site came from urban construction activities while Ruuijinlu station is located in a dense residential area; on the contrary, Xuanwuhu and Xianlindaxuecheng sites owe their superior environment to the lack of big emissions of particulate pollutants. Through the above analysis, spatial distribution was closely related to geographical location. Meanwhile, due to the systematic information of particulate matter pollution, the impact of terrain, vegetation cover, and weather conditions cannot be ignored in the process. 
Regional Variation
Temporal Variation
Seasonal variations of PM 2.5 concentrations for all sites in Nanjing are shown in Figure 3 , where April and May were only included in the spring and December was included in the winter in 2013. PM 2.5 pollution in the winter was much more severe than other seasons, especially in 2013, with the average value of up to 158.5 µg/m 3 . Normally, it is followed by spring (63.1 µg/m 3 ) and autumn 
Seasonal variations of PM2.5 concentrations for all sites in Nanjing are shown in Figure 3 , where April and May were only included in the spring and December was included in the winter in 2013. PM2.5 pollution in the winter was much more severe than other seasons, especially in 2013, with the average value of up to 158.5 μg/m 3 . Normally, it is followed by spring (63.1 μg/m 3 ) and autumn Figure 4 shows monthly variation of PM 2.5 concentrations in Nanjing. For 2014, the highest PM 2.5 concentration appeared in January. In addition, the concentration in February, March, and April continually decreased. There was a sharp rise of PM 2.5 concentration in May, and the value in June was a little higher than in May. Subsequently, the concentration value reduced in the next two months. The lowest concentration of the whole year was observed in August, and the average value was 42.4 µg/m 3 , which is very close to the grade-1 value (32 µg/m 3 ) national standard [41] . The concentration continued to increase in September, October and November. However, a rare decline occurred in December. Monthly variation in 2013 and 2015 was basically analogous to that in 2014, but several differences were observed: the lowest average value was found in July of 2013 and September of 2015; the concentration continually increased from October to December in both 2013 and 2015, different from the decrease in December of 2014; PM 2.5 pollution was the highest for the studied period in the winter of 2013, followed by January in 2014, indicating that pollution was on going. Figure 4 shows monthly variation of PM2.5 concentrations in Nanjing. For 2014, the highest PM2.5 concentration appeared in January. In addition, the concentration in February, March, and April continually decreased. There was a sharp rise of PM2.5 concentration in May, and the value in June was a little higher than in May. Subsequently, the concentration value reduced in the next two months. The lowest concentration of the whole year was observed in August, and the average value was 42.4 μg/m 3 , which is very close to the grade-1 value (32 μg/m 3 ) national standard [41] . The concentration continued to increase in September, October and November. However, a rare decline occurred in December. Monthly variation in 2013 and 2015 was basically analogous to that in 2014, but several differences were observed: the lowest average value was found in July of 2013 and September of 2015; the concentration continually increased from October to December in both 2013 and 2015, different from the decrease in December of 2014; PM2.5 pollution was the highest for the studied period in the winter of 2013, followed by January in 2014, indicating that pollution was on going. According to the analysis results of the Nanjing Environmental Protection Bureau [43] , the main factors influencing PM2.5 pollution are fired coal and industrial production. Fired coal from plants and industry and dust from industrial areas and construction sites can account for the most serious pollution problems in the winter. Following the strengthening energy conservation and reduction of pollution emissions from 2014, it was unexpected to find that the concentration in December of 2015 was instead higher than that in 2014. Through checking the meteorological records, low frequency and the weak intensity of cold air in 2015 led to the above contrast. Figure 5 shows diurnal variation of PM2.5 for different seasons and different years in Nanjing. For seasons, the diurnal variation of PM2.5 concentrations in winter was higher than other seasons. It is followed by spring, autumn, and summer, which verifies the information in Figure 3 . The concentration value increased significantly from 6:00 to 10:00 in the morning and after 6:00 in the evening, except in summer, where the rush hour in the morning of winter was found from 8:00 to 10:00 a.m. This means rush hour traffic emissions are of importance to PM2.5 concentration variation. In summer, rush hour peaked in the morning (6:00-11:00 a.m.) and PM concentration had few changes at other times of the day. In terms of years, the diurnal variation for each year showed similar trends, and PM2.5 concentrations of each hour in 2015 was clearly lower than in 2013 and 2014, which According to the analysis results of the Nanjing Environmental Protection Bureau [43] , the main factors influencing PM 2.5 pollution are fired coal and industrial production. Fired coal from plants and industry and dust from industrial areas and construction sites can account for the most serious pollution problems in the winter. Following the strengthening energy conservation and reduction of pollution emissions from 2014, it was unexpected to find that the concentration in December of 2015 was instead higher than that in 2014. Through checking the meteorological records, low frequency and the weak intensity of cold air in 2015 led to the above contrast. Figure 5 shows diurnal variation of PM 2.5 for different seasons and different years in Nanjing. For seasons, the diurnal variation of PM 2.5 concentrations in winter was higher than other seasons. It is followed by spring, autumn, and summer, which verifies the information in Figure 3 . The concentration value increased significantly from 6:00 to 10:00 in the morning and after 6:00 in the evening, except in summer, where the rush hour in the morning of winter was found from 8:00 to 10:00 a.m. This means rush hour traffic emissions are of importance to PM 2.5 concentration variation. In summer, rush hour peaked in the morning (6:00-11:00 a.m.) and PM concentration had few changes at other times of the day. In terms of years, the diurnal variation for each year showed similar trends, and PM 2.5 concentrations of each hour in 2015 was clearly lower than in 2013 and 2014, which confirms that air quality has been improved. Due to the decline of anthropogenic emissions and favorable meteorological conditions, the value of PM 2.5 was continually reduced from noon to afternoon/early evening. Frequent temperature inversion and the lowest height of mixing layer from the evening to the early morning are not beneficial to the vertical diffusion of pollutants [44] , which contributes to the relatively high PM 2.5 concentration in the early morning.
afternoon/early evening. Frequent temperature inversion and the lowest height of mixing layer from the evening to the early morning are not beneficial to the vertical diffusion of pollutants [44] , which contributes to the relatively high PM2.5 concentration in the early morning. Figure 6 shows average weekday and weekend variations of PM2.5 concentrations for the whole period in Nanjing. The mean concentration was slightly higher on weekends (67.7 μg/m 3 ) than that on weekdays (63.0 μg/m 3 ). This may be owing to temporary increase in the intensity of urban construction activities on weekends while those activities are restricted on weekdays. In addition, the largest differences (about 10 μg/m 3 ) were only found at a few moments while most of daytime had small differences in concentration. It follows that there was no obvious variation between weekdays and weekends for PM2.5 concentrations in the studied period. Hu et al. also reported that PM2.5 concentrations in the YRD cities exhibited small variations on weekdays compared to weekends [45] . Furthermore, weekdays showed a similar trend pattern of PM2.5 concentration with weekends, but one hour later on weekends, indicating a change in human activities. Figure 6 shows average weekday and weekend variations of PM 2.5 concentrations for the whole period in Nanjing. The mean concentration was slightly higher on weekends (67.7 µg/m 3 ) than that on weekdays (63.0 µg/m 3 ). This may be owing to temporary increase in the intensity of urban construction activities on weekends while those activities are restricted on weekdays. In addition, the largest differences (about 10 µg/m 3 ) were only found at a few moments while most of daytime had small differences in concentration. It follows that there was no obvious variation between weekdays and weekends for PM 2.5 concentrations in the studied period. Hu et al. also reported that PM 2.5 concentrations in the YRD cities exhibited small variations on weekdays compared to weekends [45] . Furthermore, weekdays showed a similar trend pattern of PM 2.5 concentration with weekends, but one hour later on weekends, indicating a change in human activities. Figure 7 shows that variations in different time frequencies and the overall trend decomposed by the given signal of PM2.5. Eight IMFs and one residue were obtained in the process. The results look similar but differ in amplitude and frequency. IFM1 has the highest amplitude and frequency, on the contrary, IMF8 has the lowest. When the results were stripped from the original signal, the trend of the whole period for the study was generated. As shown in the residue of Figure 7 , the curve Figure 7 shows that variations in different time frequencies and the overall trend decomposed by the given signal of PM 2.5 . Eight IMFs and one residue were obtained in the process. The results look similar but differ in amplitude and frequency. IFM1 has the highest amplitude and frequency, on the contrary, IMF8 has the lowest. When the results were stripped from the original signal, the trend of the whole period for the study was generated. As shown in the residue of Figure 7 , the curve of the trend exhibits parabolic distribution. PM 2.5 concentration in 2015 shows a slight downward trend compared with that in 2014. The result is consistent with that in the Figure 3 , which indicates that measures related to environmental protection have been successful. Due to the uncomplete data, we cannot obtain the overall trend for the whole year of 2013. In general, low-frequency signals contain yearly variations while high frequency signals include sudden changes. IMFs from IMF1 to IMF6 mean the period less than a year while IMF8 represents inter-annual changes. In addition, the IMF7 represents the cycle of about a year. Therefore, the original signal was reconstructed by getting together the IMFs without IMF8 and the residue to obtain seasonal changes of PM 2.5 mass concentration in Nanjing. The mean concentration in each season was computed by averaging the reconstructed data series in the four seasons. Figure 8 shows the mean concentration in the different seasons of three years, where the data are not complete in the spring and winter of 2013. Several details can be seen: (1) the seasonal PM 2.5 concentration varied greatly; (2) the highest concentration was always found in winter while the lowest was in summer; and (3) the concentration in winter of 2015 was a little higher than in 2014.
Decomposition of Time Series Data
Integrating the high frequency information in Figure 7 , the number of days and the amplitude for sudden changes were significantly decreased in the same period. During the study period, sudden changes of PM 2.5 concentration mainly focused on January and December, especially in December of 2013. There are a variety of factors that cause an instant increase of PM 2.5 concentration [29, 46] , like fireworks, dust episodes, and gas heating. Fireworks occur mainly around the Spring Festival and lead to sudden increases in PM 2.5 concentration in the winter. Fired coal from plants is used throughout winter while dust episodes happen occasionally throughout the whole year. Table 3 shows that the correlation coefficients of PM 2.5 concentration related with wind speed, temperature, relative humidity, and precipitation using the Spearman-Rank analysis method. A negative relationship was weakly exhibited among PM 2.5 and wind speed in the season months, which does not match a similar study [47] . The most possible reason is the effect of mountainous terrain on the wind in the urban area. Temperature positively correlated with PM 2.5 in most months. This is because high temperature contributes to photochemical activity to produce more secondary particles [48] . Relative humidity had a strong negative association with PM 2.5 in summer. Very high humidity can make suspended particles get together, then particles cannot stay in the air and fall to the ground to cause the decrease of PM 2.5 concentrations. Precipitation showed strongly reverse correlation with PM 2.5 in February and winter. In order to better explore the overall effects of meteorological variables, Spearman-Rank correlations between PM 2.5 concentration and weather conditions are shown in Figure 9 . Wind speed, relative humidity, and precipitation had weak negative associations with PM 2.5 concentrations. However, a negative relationship was found between temperature and PM 2.5 during the whole period. The above analysis results make us believe that the influence of meteorological parameters is a very complex and comprehensive process. Therefore, more detailed study is needed to analyze the impact of weather conditions on PM 2.5 concentration in the future, such as adding hourly meteorological data and exploring multiple relationships. 
Correlation between PM 2.5 and Meteorological Factors
Effect of Wind Direction on PM2.5 Concentration
As an important meteorological factor, the role of wind direction cannot be ignored [49] . PM2.5 concentration related with specific wind direction is presented in Figure 10 . The figure shows that southwest wind led to the highest PM concentration, followed by north wind and northwest wind. Remarkably, such a result is not consistent with what people had expected, that is, owing to the industry pollution in the north region [20] , the winds from north were expected to lead to high PM2.5 concentration, meanwhile southwest wind should not. However, the results were not as expected and there is a slight difference among north winds. There are several possible aspects to be discussed about this contrast. First, there is a big iron and steel industry zone close to the urban area in the southwest of Nanjing and the base of Ma'anshan iron and steel industry is also located in the direction adjacent to Nanjing city. Therefore, large amount of particles generated from the industry can spread to urban areas by a southwest wind, which directly aggravates the PM2.5 pollution. Second, particles can be transported into Nanjing from the north region, which could be confirmed by the trajectories of air flows using the HYSPLIT model in Figure 11 . Nonetheless, with the transportation of pollutants, cold air is usually brought by air flows directly from the north and then it encounters the warm flows from south in the Nanjing area. In the process, favorable weather conditions can be formed and directly lead to the attenuation of PM2.5, which cause unremarkable PM2.5 pollution by winds with north directions. Meanwhile, due to the mountain terrain in the northwest, it is not beneficial to the horizontal diffusion of air pollutants and leads to higher PM2.5 concentration related with northwest wind. Additionally, the result might partly verify the preliminary analysis of the pollution source 
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As an important meteorological factor, the role of wind direction cannot be ignored [49] . PM 2.5 concentration related with specific wind direction is presented in Figure 10 . The figure shows that southwest wind led to the highest PM concentration, followed by north wind and northwest wind. Remarkably, such a result is not consistent with what people had expected, that is, owing to the industry pollution in the north region [20] , the winds from north were expected to lead to high PM 2.5 concentration, meanwhile southwest wind should not. However, the results were not as expected and there is a slight difference among north winds. There are several possible aspects to be discussed about this contrast. First, there is a big iron and steel industry zone close to the urban area in the southwest of Nanjing and the base of Ma'anshan iron and steel industry is also located in the direction adjacent to Nanjing city. Therefore, large amount of particles generated from the industry can spread to urban areas by a southwest wind, which directly aggravates the PM 2.5 pollution. Second, particles can be transported into Nanjing from the north region, which could be confirmed by the trajectories of air flows using the HYSPLIT model in Figure 11 . Nonetheless, with the transportation of pollutants, cold air is usually brought by air flows directly from the north and then it encounters the warm flows from south in the Nanjing area. In the process, favorable weather conditions can be formed and directly lead to the attenuation of PM 2.5 , which cause unremarkable PM 2.5 pollution by winds with north directions. Meanwhile, due to the mountain terrain in the northwest, it is not beneficial to the horizontal diffusion of air pollutants and leads to higher PM 2.5 concentration related with northwest wind. Additionally, the result might partly verify the preliminary analysis of the pollution source that PM 2.5 pollution is mainly derived from local pollution while regional transportation was responsible for about 28.5% [43] . Certainly, the analysis of wind direction involves many factors, such as pollution sources, terrain, mixing layer, etc., and due to the limited data, basic analysis is only given for the statistic result in this section. 
Conclusions
Spatial-temporal variations of PM2.5 and its relation with meteorological variables in Nanjing were analyzed in the paper and several conclusions can be drawn as follows:
(a) Daily average PM2.5 concentration varied from 7.3 μg/m 3 to 336.4 μg/m 3 . The ArcGIS map shows that Maigaoqiao suffered the poorest air quality, followed by Aotizhongxin and Ruijinlu. The 
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Spatial-temporal variations of PM 2.5 and its relation with meteorological variables in Nanjing were analyzed in the paper and several conclusions can be drawn as follows:
(a) Daily average PM 2.5 concentration varied from 7.3 µg/m 3 to 336.4 µg/m 3 . The ArcGIS map shows that Maigaoqiao suffered the poorest air quality, followed by Aotizhongxin and Ruijinlu. The lowest concentration was found at the Xuanwuhu site. The results show that spatial distribution of PM 2.5 is not only related to geographical location but also other factors. (b) Seasonal variation of PM 2.5 was obvious and the highest concentration was found in winter while the lowest occurred in summer. The diurnal PM 2.5 concentration increased significantly from 6:00 to 10:00 in the morning and after 6:00 in the evening and stayed relatively high in the early morning. There was no significant weekend effect in Nanjing city. The CEEMDAN decomposition results show that the frequency and intensity of sudden change decreased year by year and there was a decreasing trend from 2014. (c) Spearman-Rank analysis was involved to explore the relationship between PM 2.5 and meteorological factors. PM 2.5 exhibited a negative association with wind speed, relative humidity, and precipitation. Temperature positively correlated with PM 2.5 in most months but showed a negative correlation during the whole period, indicating a complex influence. In addition, high PM 2.5 concentration was mainly related to southwest wind.
There are still several phenomena that need comprehensive study, such as the influence of meteorological factors including mixing layer and the effect of terrain on PM concentration related to wind. It is also worth further exploring the differences of PM 2.5 mass concentration between urban areas and rural areas in Nanjing city. The content mentioned above will be taken into account in a future study.
